We studied the transfer of line radiation in the distorted and expanding atmospheres of close binary components. We assumed that the distortion of the atmosphere is caused by self rotation and tidal force exerted by the presence of the secondary component. The distortion is measured in terms of the ratio of angular velocities at the equator and pole (X), mass ratio of the two components m2 m1 , the ratio of centrifugal force to that of gravity at the equator of the primary (f ) and ratio of the equatorial radius of the primary to the distance between the centres of gravity of the two components re R . A seventh degree equation is obtained to describe the distorted surface in terms of the above mentioned parameters. We have used X = 1 for uniform rotation throughout and used values f = 0.1 and 0.5, m2 m1 = 1, and re R = 0.1, 0.3, and 0.5. The equation of line transfer is solved in the comoving frame of the expanding atmosphere of the primary using complete redistribution in the line. We used a linear law of velocity of expansion so that the density varies as r −3 where r is the radius of the star, satisfying the law of conservation of mass. We set va = 0 and v b = 10 mtu (mean thermal units) where va is the velocity at the surface of the primary with radius r = a(= 5 × 10 11 ) cm and v b is the velocity at the surface of the extended atmosphere with radius r = b(= 10 12 ) cm. We also computed lines in a static atmosphere with density changing as ρ ∼ r −1 . We have considered a primary with an effective temperature T * and a point source of secondary with three different temperatures Tc equal to 2 × 10 4 K, 3 × 10 4 K, and 4 × 10 4 K.
Abstract.
We studied the transfer of line radiation in the distorted and expanding atmospheres of close binary components. We assumed that the distortion of the atmosphere is caused by self rotation and tidal force exerted by the presence of the secondary component. The distortion is measured in terms of the ratio of angular velocities at the equator and pole (X), mass ratio of the two components m2 m1 , the ratio of centrifugal force to that of gravity at the equator of the primary (f ) and ratio of the equatorial radius of the primary to the distance between the centres of gravity of the two components re R . A seventh degree equation is obtained to describe the distorted surface in terms of the above mentioned parameters. We have used X = 1 for uniform rotation throughout and used values f = 0.1 and 0.5, m2 m1 = 1, and re R = 0.1, 0.3, and 0.5. The equation of line transfer is solved in the comoving frame of the expanding atmosphere of the primary using complete redistribution in the line. We used a linear law of velocity of expansion so that the density varies as r −3 where r is the radius of the star, satisfying the law of conservation of mass. We set va = 0 and v b = 10 mtu (mean thermal units) where va is the velocity at the surface of the primary with radius r = a(= 5 × 10 11 ) cm and v b is the velocity at the surface of the extended atmosphere with radius r = b(= 10 12 ) cm. We also computed lines in a static atmosphere with density changing as ρ ∼ r −1 . We have considered a primary with an effective temperature T * and a point source of secondary with three different temperatures Tc equal to 2 × 10 4 K, 3 × 10 4 K, and 4 × 10 4 K.
The maximum change in line fluxes is noticed when the parameters re
Introduction
The study of close binary systems using light curves, radial velocity curves and changes in the line profiles provide very important information to estimate the vital data about the components. The study of the close binary atmospheres is complicated due to (1) self rotation and (2) tidal effects due to the presence of the companion. These two effects distort the surface of the atmospheres of the components. Further nonuniform temperature distribution in the atmosphere caused by gravity darkening, heating of the atmosphere by the incident radiation from the companion, eclipses, stellar winds and
Send offprint requests to: M. Srinivasa Rao, e-mail: msrao@iiap.ernet.in interactions with interstellar gas structures will change the radiation field in the atmospheres of the close binary components. Skulskij (1993) observed the variability of equivalent widths of absorption and emission components of Si II 6347Å, 6371Å lines in a study of β Lyrae with CCD spectra. The changes in the equivalent widths depend on the reflection of the radiation from the companion while the components move in their orbits. The eclipsing binary BE UMa was studied by Ferguson & James (1994) for the reflection effect and cataclysmic variable progenitor characteristics. The reflection effect is due to the close proximity of a late type secondary of a very hot T ∼ 10 5 K primary sdO star. Several aspects of the reflection effect have been reviewed by Vaz (1985) and Wilson (1990) . They found that irradiation from the secondary component will affect the lines and the equivalent widths and that the theoretical bolometric albedos have been found to be in good agreement with observations. We intend to study the transfer of line radiation in the atmospheres of close binary components that are distorted by self rotation and the tidal effect due to presence of the companion together with the reflection of the light incident from the companion.
In Paper I (Peraiah & Srinivasa Rao 1998) we treated the line transfer problem with reflection effect in an expanding atmosphere while in Paper II (Srinivasa Rao & Peraiah 2000) a dusty, expanding atmosphere was considered. In these two papers we have used a spherical atmosphere without distortion. In this paper we shall consider the atmosphere distorted by self rotation and the tidal effect due to presence of the secondary together with reflection of the incident radiation on the distorted surface from the secondary, considered a point source. The two complexities, i.e. distorted geometry and irradiation from the secondary cannot be treated by the usual symmetric solutions of the transfer equation. The radiation field in the distorted atmosphere consists of two parts (1) self radiation and (2) incident radiation from the secondary component. The first part is treated by using the solution of the transfer equation in spherical symmetry and second part, namely reflected radiation, is calculated using the simple rod model (see Paper I). The contribution of these two radiation fields is used to study the lines formed in the distorted atmosphere. The rod model we used in this paper is simple but not as accurate as a symmetric solution could be (Wing 1962; Sobolev 1963) . However, its accuracy can be increased by increasing the number of rays.
Calculation of ray segments in the distorted atmosphere
We compute the distorted surface by solving the following seventh degree equation derived by Peraiah (1970) . Although better descriptions of the surfaces are available, they do not change our scheme of computation of the source functions in the distorted atmospheres. This is a simple equation to solve and fast solutions can be obtained easily. The equation for the distorted surface is given by
where
and θ and φ are the colatitude and the azimuthal angles respectively. Further, ρ = r r p , where r and r p are the radius at any point on the surface and the radius at the pole respectively and
Here X is the ratio of angular velocities at the equator and pole, f is the ratio of centrifugal to gravity forces at the equator, m 2 m 1 is the mass ratio of the two components and r e R is the ratio of the radius at the equator to the separation between the centres of gravity of the two components. The ratios r p r e can be obtained from a third degree equation given by
Equation (1) is solved for various values of θ and φ to obtain the surface for a given set of parameters given the parameters X, m 2 m 1 , f and r e R and we always set X = 1.
The numerical solution is obtained with a starting value of r r p = 1. Equation (3) is solved by the Newton-Raphson method. These are described in papers of Peraiah (1969 Peraiah ( , 1970 . We have drawn a schematic diagram in Fig. 1 for the purpose of computing the ray lengths. The points O and B are respectively the centres of the primary and secondary that is supposed to be a point source. The rays such as BA 1 , BD, BP, . . ., from the secondary (B) are incident on the distorted atmosphere (the surface of which is described by Eq. (1)) at points such as A 1 , D, P, . . . These points are joined to the centre of the primary O. Further we draw perpendiculars from these points to the axis OB. These perpendiculars meet the rays at the points as shown in the Fig. 1 . (1) We need to find the source functions along the rays BA 1 , BD, BP, . . ., to compute the radiation field in the medium generated by incidence of the light from the secondary. (2) We also need to find the source functions along the perpendiculars such as DJ, PK, SL, . . ., to calculate the radiation field along the line of sight and at the observers point at infinity. For this we have to calculate their geometrical lengths and optical depths. The computation of these geometrical lengths is described in Appendix A.
Brief description of the model and discussion of the results
We considered an atmosphere of the primary whose radius is twice as large as that of the primary with an inner radius set to equal to 5 × 10 11 cm and the outer radius set to 10 12 cm. The distortion is considered from the outer radius (10 12 cm) of the atmosphere. We considered two types of velocity and density laws both of which obey the law of conservation mass, namelyṀ = 4πr 2 ρv whereṀ is the mass loss rate, ρ is the density, v is the velocity at the radius r. These two laws are (1) where σ is the Stefan-Boltzmann constant, T c is the effective temperature of the secondary (with centre at B), α is the angle made by the ray with the axis OB and r α corresponds to the ray lengths such as BA 1 , BD, BP, . . . The source function (S s ) representing the self radiation is calculated by solving the transfer equations (17) and (18) of Paper I. We employed complete redistribution in the line formed in a scattering medium ( = 0, where is the probability per scattering that a photon is thermalised by collisional de-excitation). The initial condition at τ = τ 1 is given in terms of the frequency-integrated We have shown the source functions for only 24 rays and in practice we take many more rays into consideration to obtain the desired accuracy, by increasing the the value of n (see Appendix A).
The source function labeled 1 extends all along the axis A 1 O while those of the rays with higher numbers continuously get shortened as these latter rays are incident to the atmosphere at angles α > 0 and therefore at points on the atmosphere that are progressively towards the centre of the star or shortened lengths R imp . The ray source functions are maximum at the point of incidence on the atmosphere such as A 1 , D, P, . . ., that at BA 1 being highest of all. The ray A 1 traverses through the longest path and as the density varies as r −3 , the ray encounters denser medium in the interior and consequently has larger number of scatterings. This reduces the source function towards the interior. However the rays whose α > 0 travel through smaller paths and hence undergo smaller number of scatterings (also due to the fact that the density changes as r −3 ) and therefore have enhanced S r compared to those of the rays whose α are smaller.
In Fig. 2a the two scales on the right-and left-hand sides of the graph are approximately of the same order. Therefore we can distinctly see the three curves S r , S s and S, while this is not so in Figs. 2b- Figs. 2a-d . The curve labeled 1 represents the source function corresponding to the ray A 1 O which is the longest as it is along the axis A 1 O (cos α = 1) and the curve labeled 24 corresponds to the source function of the ray with α = α max or with minimum value of cos α (0 < α < π 2 ) . We measured the optical depths from the points of incidence of the rays such as A 1 , D, P, . . . At these points, the source function is maximum for each ray and slowly falls as the optical depth increases along the ray towards the interior of the distorted medium of the atmosphere and reaches maximum. the procedure) are drawn. The profiles shown by continuous lines are due to the self-radiation whose scale is given on the left side of the graph while the profiles shown by dashed lines are due to the incident radiation and the dashed-dot curves represent the profile due to the combined source function S = S s + S r whose scale is shown on the right side of the graphs. It is interesting that while the profile due to the self radiation is an absorption profile, those due to incident radiation and a combination of self and incident radiation are emission profiles. This suggests that the incident radiation from the secondary adds to the radiation at all frequency points in the line, particularly the centre of the line. The absorption core produced by the self radiation of the star gets more of the incident radiation scattered into the core, making it appear in emission. Fig. 5c contains the profiles in a stationary atmosphere and one obtains symmetric lines. The self radiation produces absorption profiles while the incident radiation produces emission profiles and the combination of the self and incident radiation produces emission profiles. Figure 6 gives the results for an expanding atmosphere with v a = 0 and v b = 10 mtu (mean thermal units) where v a and v b are the velocities at the bottom and top of the atmosphere for the velocity law v ∼ r and ρ ∼ r −3 . The profiles due to the self radiation (see Fig. 6c ) are almost non-existent and while those due to self and incident radiation are prominent emission lines with P Cygni characteristics. There is a perceptible change in the profiles when the parameter r e R is changed from 0.1 to 0.5.
Conclusions
We have developed a computational procedure to compute lines formed in the tidally and rotationally distorted atmosphere of the primary component of close binary star, irradiated by the radiation from secondary component. We used a two-level atom approximation with complete redistribution. It is found that the absorption features produced due to self radiation may vanish and emission profiles will appear when the atmosphere is irradiated. Further, the distortion in the atmosphere increases substantially when the parameters r e R and f are increased It is necessary to consider the proximity of the secondary and the self rotation of the component in considering the distortion of the atmosphere. We have considered the secondary as a point source in this study. However, we have to study the changes due to the reflection effect on the lines formed and the total light reflected when an extended source of light is considered instead of a point source. This is under study. and using the Eqs. (1) and (2) we can find the θ = θ c where r 1 sin θ c = r p . This is done by repeatedly solving Eqs. (1) and (2) with small values of θ (by steps of 1 • ). Now we can divide (90 − θ c ) into n intervals and compute the radii r n to the surface of the distorted reflecting atmosphere. Each radius r n to the surface can be computed by using θ n = 90 − (n − 1)∆θ, where ∆θ = (90 − θ c )/n. Let the X-axis coincide with OB and the Y -axis be perpendicular to it. Then the X-coordinates of the point C, N, M, L, K, . . ., will be r 1 sin θ 1 ,. . ., r n−1 sin θ n−1 (= r e ) and the Y -coordinates are all zeros. The general coordinates of any ray which meets the surface are (r n sin θ n , r n cos θ n ). The X-coordinate of A 1 is r n−1 sin θ n−1 . Therefore, BA 1 = R − r n−1 sin θ n−1 . Let the angle made by the ray with CB be α, then
If we start with θ = 90 • = θ 1 , then x = r e = r 1 sin 90 = r y = 0 (thisisthepoint A 1 ).
= T 2 ( say). Fluxes due to self radiation are shown by the continuous line, those due to distorted source function by dashed line, and those due to total source function by the dashed dot. We need to know the geometrical length of all the above segments for the computation of the optical depths and source functions along these segments.
